Task D: Thermal Diffusivity and Conductivity A paper is currently being drafted on this work and will be submitted to Scripta Materialia.
Task E: He Permeation
A paper entitled, "Helium Permeability of the Ti 2 AlC, Ti 3 AlC 2 , and Ti 3 SiC 2 MAX Phases at 850 °C and 950 °C", is in the final stages of the drafting process, and should soon be submitted for publication in J. of Nuclear Materials.
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All Tables are located in Appendix B. 4 LWRs nominally operate up to 400 °C, well within the α-Zr region for Zr-4. 5 Loss-of-coolant accidents (LOCA), however, can lead to fuel rods experiencing temperatures in excess of 1200 °C, their rupture due to increased pressure, and exposure to the atmosphere with catastrophic consequences. 4 Another issue with Zr-4 cladding is its susceptibility to water corrosion, specifically hydrogen pickup and embrittlement. 5 Dissolved oxygen in the coolant water reacts with the metal surface, leading to the formation of a protective layer of ZrO 2 . Simultaneously, the hydrogen produced from the oxidation diffuses into the cladding, resulting in the generation of zirconium hydride, ZrH 2 , precipitates, which lead to hydrogen embrittlement, decreases in fracture toughness and the acceleration of corrosion and irradiation swelling. 5 Mitigation of hydrogen pickup and cladding oxidation is thus vital for the longevity and accident tolerance of fuel rod assemblies for use in LWRs. As important, isolating the Zr-cladding during normal operating conditions could allow for higher burn-up and possibly higher operating temperatures.
One solution to the corrosion problem, that could also increase the safety of a LWR in LOCA, is to hermetically seal them from their surroundings. We recently proposed that the MAX phases in general, and Ti 2 AlC in particular, can be used to as a thin coating onto existing Zr-4 cladding. 6 The reactivity between Zr-4 and Ti 3 SiC 2 and Ti 2 AlC, over the 1100-1300 °C temperature Overall, diffusion depths from Ti 3 SiC 2 were an order of magnitude shallower than the Alcontaining MAX phases at 1100 and 1200 °C, and 5-7 times shallower at 1300 °C. The diffusion of both Si and Al is seen to follow the parabolic law, and the microstructure of the diffusion bonded regions is indicative of the diffusion controlled reaction. (Fig. 9) , on the other hand, was roughly double the ~15 µm thick layer that formed in the vacuum of the hot press.
Summary Task B: Diffusion bonding with SiC and Pyrolytic Graphite, PG
No evidence for a reaction was found between Ti 3 SiC 2 or Ti 2 AlC (above that in vacuum)
with PG (Figs. 6 and 8, respectively). In the case of Cr 2 AlC (Fig. 7) , neither OM or SEM micrographs show much evidence for a reaction. However, XRD unambiguously showed that Cr 7 C 3 and Cr 3 C 2 formed at the interface with the PG (Fig. 10 ). In the case of Ti 3 AlC 2 ( Fig. 9 ), the TiC layer was about 100 µm thick.
Summary Task C: Reactions with Palladium
Certain MAX phases have been tested for corrosion in select coolant environments. For example, it has been shown that Ti 3 SiC 2 has superb corrosion resistance to molten Pb and Pb-Bi alloys. 10, 11 Fission products, such as tritium and palladium, Pd, must also be considered. SiC and pyrolytic C are used as diffusion barrier layers in the TRISO fuel design, 13 however, SiC has been shown to be susceptible to Pd attack. [18] [19] [20] [21] As Pd evolves from the fuel, it becomes a major factor in SiC corrosion, leading to cladding failure. It has been reported 20, 21 (Fig. 11 ) behaved in a similar fashion to the reaction between TiC and Pd described by Tan et al. 22 and Demkowicz et al. 23 In both cases, Pd was found to diffuse along the grain boundaries into the MAX, showing the formation of TiPd 3 , as seen in XRD (Fig. 12 ) of the interfaces. Through the use of EDS ( Fig. 13 and 14) , a migration of Al into 
Summary Task D: Reaction with Molten Metals
Coolants that have attracted interest for the next generation nuclear reactors includes, He gas, molten Na, Pb-Bi and FLiBe. 13, 24, 25 Certain MAX phases have been tested for corrosion in select coolant environments. For example, it has been shown that Ti 3 SiC 2 has superb corrosion resistance vis-à-vis molten Pb and Pb-Bi alloys. 10, 11 Over the last 50 years, the idea of liquid metal cooled fast reactors (LMFR) has been conceived, researched, and even implemented. 26 Due to its abundance and relative low cost compared to other coolants, liquid Na has been considered as an attractive coolant. 27 Over the years, there have been experimental Na cooled Studies have been conducted to observe the interaction of select stainless steels with liquid Na. One study, performed by Suzuki et al. 28 explored the reactivity of numerous stainless steel alloys, including 316SS, by flowing molten Na at a rate of 4 m/s at 700 °C and evaluating the specimens after 426, 1723, 2395 and 4066 h. They found that for all alloys, Cr and Ni were selectively dissolved. The decrease in the concentration of these elements was initially rapid, but began to level off after 2000 h, and, after 4000 h, the concentration of Cr and Ni became stable.
Optical microscopy, OM, of the cross sections showed the formation of the σ-phase (a chromium/molybdenum-rich intermettalic phase) 29 to be approximately 50 µm from the surface in 316SS. All alloys tested except for a low Mo content alloy formed small, surface corrosion nodes rich in Mo and Fe. The attack by Na on some of the alloys was determined to be due to their higher Ni content, which showed signs of intergranular attack of more than 10 µm, as well as pores of less than 10 µm on the surface. Another study, conducted by Ganesan et al. 30 explored the reactivity between annealed 316 stainless steels and static Na at 773 and 873 K for durations ranging from 500 to 2000 h in an Ar atmosphere. Again, it was found that Fe-Mo corrosion resistant nodes were formed on the exposed surfaces. Ganesan et al. 30 also found the post-exposure weight losses for the annealed samples, under static Na, were less than those reported in dynamic Na environments. 31 The weight loss in the annealed samples was also seen to be less than the 20% found in cold worked 316 stainless steel samples. 32, 33 As with Suzuki et al. 28 the σ-phase was found to nucleate near the exposed surfaces. An increase in micro-hardness -from 150±7 V H to 250±10 after exposure to Na -was also noted. 30 The interactions between polycrystalline samples of Ti 2 AlC, Ti 3 AlC 2 , Ti 3 SiC 2 and
Cr 2 AlC, and pure, static Na at 550 °C and 750 °C for 168 h was studied for the first time. The MAX samples were placed in sealed stainless steel tubes. Based on a comparison of pre-and post-XRD (Fig. 18) , OM, SEM (Figs. 19-20) , and TEM micrographs (Fig. 21) , EDS, and Vickers microhardness measurements (Table 1) , we conclude that not only are the Ti 3 SiC 2 , Cr 2 AlC and Ti 2 AlC compositions relatively stable vis-à-vis exposure to molten Na, but also their grain boundaries. In contradistinction, the evidence shows that while the bulk of the Ti 3 AlC 2 sample is stable, the grain boundaries are not and appear to have been attacked by the molten Na. TEM ( Fig. 21) and EDS results suggest a migration of Al to the grain boundaries, and into the molten Na.
Summary Task E: Thermal Diffusivity and Conductivity
Thermal conductivity is one of the more important properties required for fuel cladding materials in nuclear reactors. In order to remove generated heat from the fuel pellets, fuel cladding must possess good thermal conductivity, and maintain it at elevated temperatures and irradiation doses. SiC has shown a significant decrease in thermal conductivity with irradiation. 34 The thermal diffusivity, α, of several non-irradiated MAX phases and solid solution MAX phases was measured as a function of temperature, and used to calculate thermal conductivity, κ th .
Samples of Ti 3 SiC 2 -FG, Ti 3 SiC 2 -CG, Ti 3 AlC 2 , Ti 2 AlC, and Ti 2 AlN were sourced from leftover blanks fabricated for a previous irradiation study. 35 Solid solutions were explored in order to begin analysis of Zr-containing MAX phases for use in thermal reactor applications where low neutron cross section is desirable. Pure Zr 2 AlC is not thermodynamically stable, thus solid solutions with Nb and Ti were prepared to explore the addition of Zr.
Test specimens were machined via EDM into 12.5 mm dia. × 3 mm thick discs and polished down to a final surface preparation of 3µm diamond suspension on both sides to form parallel faces. Prior to testing with the laser flash analysis technique, the surfaces of each sample were plasma coated with a 5 μm graphite layer to ensure absorption of the laser pulses. Ti 2 AlC or Cr 2 AlC over the wide range of temperatures studied (Fig. 22) . These results bode well for MAX phases to be used as fuel cladding material, as was maintained at high temperatures. Irradiation defects will only decrease , thus possessing a high baseline at elevated temperatures is promising result ( Table 2) . Using the Wiedmann-Franz law to correlate thermal transport with electrical resistivity, the thermal conductivity of irradiated MAX phases was estimated using previously reported electrical resistivity results (Table 3) . 35 The defect clusters that are observed at 350 °C 35 resulted in a degradation of electrical transport, which correlates to a reduction in thermal conductivity. Irradiation at higher temperatures, however, resulted in large, coherent dislocation loops, which did not have as large an impact on electrical transport. 35 From these results, it is clear that irradiation at temperatures as low at 695 °C resulted in good recovery of RT electrical conductivity for these MAX phases, and by association thermal conductivity. These results compare well with values of the MAX phases measured at 300K by laser flash analysis earlier in this section. The improved defect recovery that occurs in these MAX phases, notably Ti 3 SiC 2 , during high temperature neutron irradiation bodes well for these materials for use in high temperature neutron applications.
Summary Task F: He Permeation
In the literature, permeation is commonly reported in terms of a permeability coefficient, which is also called the permeation or permeability constant, or just permeability. In some cases, the models used to calculate the permeability are different or a variety of units are used making the comparison of the results not a straight forward task. Often, the terms permeability and permeance are confused as well. Permeability is not dependent on the thickness of the material while permeance does depend on the on the thickness of the material.
He permeability tests were performed at 850°C and 950°C for three MAX phase material samples: Ti 2 AlC, Ti 3 AlC 2 and Ti 3 SiC 2 following a similar procedure described in the ASTM D1434. 40 Each sample was machined to a diameter of 12 mm with a thickness of 3 mm.
A customized differential pressure (DP) rig was designed by Savannah River National Laboratory (SRNL) personnel to mount the samples for the high temperatures tests. The samples were supported by a sintered disc in order to prevent mechanical failure. The DP rig has two parts that clamp into the sample, each with a stainless steel Swagelok fitting to which gas lines to the external system were connected. After clamping the edges of the samples, the area exposed is 10 mm diameter. The sample chamber was housed in a furnace that is capable of temperatures up to 1000°C. Just outside the furnace, pressure gauges were fitted; an analogue high pressure on the high pressure line, and a digital vacuum gauge on the low pressure line. A computer and control box were used to interface with the sample chamber. The lines were controlled with valves to allow either gas inlet (on the high P test gas side) or vacuum (on both sides). The pressure was regulated from a nearby cylinder with a reservoir attached to prevent the regulator from controlling the rate. The readings from the digital vacuum gauge were logged.
In the differential pressure test, both sides of the sample chamber were evacuated and then the system was isolated. The sample chamber was then allowed to stand for the test period of 2 hr and the increase in pressure in the low pressure side was regarded as the baseline.
Subsequently, another evacuation was performed and He gas was supplied at 0.5 bar to the high pressure side. The pressure on the high pressure side was maintained throughout the test run at 0.5 bar, whereas the pressure on the low pressure side was allowed to rise and the rate at which this occurred was measured. A LabVIEW program was used to calculate and record permeation rate dynamically. He permeability at 950 °C as compared to their respective permeabilities at 850 °C (Tables 4-6 ).
These He permeability results are comparable to those in literature for alumina at similar temperatures (Fig. 23) , and show the same order of magnitude of permeability at high temperatures as room temperature measurements in SiC/SiC composites. These results indicate a significant ability for these MAX phases to contain and limit the transport of He through bulk. 
